For an improved design of ships and offshore structures with regard to their behavior under severe weather conditions, wave height and steepness as well as the shape of the wave profile have to be considered. In this paper, the extreme New Year Wave as documented in numerous publications is varied with respect to wave height and period. These varied wave sequences are realized and measured in a model tank and applied to the investigation of motions and bending moments of an FPSO ship. The results are compared to the responses in the original wave train.
INTRODUCTION
In recent years, terms like Freak Wave, Rogue Wave or Monsters of the Deep could often been read in newspapers or heard in radio and television. The public is more sensitized to extreme waves due to reports from passengers of cruise liners encountering a Rogue Wave and publications of ongoing Freak Wave research. The growing trend of adventure travel, like visiting the most southern or northern waters of our planet Earth, leads cruise liners into rough sea areas. Thus, in February 2001, the cruise liner Bremen encountered a Rogue Wave that was estimated to be 35 m high. The wave smashed a window, flooded the bridge, short-circuited the electronics with the consequence of total power loss. The ship drifted for 30 minutes, disabled * Address all correspondence to this author.
in beam seas, with rolling angels up to 40 • (Schulz [1] ). In 2005, the cruise vessels Voyager (February 14th) and Norwegian Dawn (April 16th) were also hit by Rogue Waves with similar consequences. Also the cruise liner Queen Elizabeth 2 encountered such a Rogue Wave in February 1995 during an Atlantic crossing. Beside these reports of cruise vessels, many freighters, tankers, container ships and offshore platforms have encountered Rogue Waves -sometimes unharmed, sometimes damaged, sometimes lost.
Reports on individual extreme waves in deep water mention either single high waves or several successive high waves (e. g. Three Sisters) -but when is a wave really a Rogue? Faulkner [2] presents examples of extreme waves and proposes the definition H max > 2.4 · H s for waves with abnormal height, where H s > 10 m denotes the significant wave height. He also points out that also weather routing of ships does not prevent a vessel from encountering abnormal waves (Faulkner [3] ). Faulkners extensive investigation of the loss of the Derbyshire (Faulkner [4] ) raised the question if Rogue Waves have to be considered explicitly during the design process. Consequently, his efforts led to the European funded MAXWAVE project that focused on Rogue Waves and their impact on marine structures.
Wolfram et al. [5] suggest that only waves exceeding H max > 2.3 · H s should be termed Rogue Waves. A more cautious definition is H max /H s > 2. From probability analysis of Rogue Wave data recorded from 1994 to 1998 at North Alwyn, Wolfram et al. [5] conclude that these waves are generally 50 % steeper than the significant steepness of the surrounding sea state. Furthermore, the preceding and succeeding waves have steepness values around half the significant values while their heights are around the significant height, i. e. a Rogue Wave group characteristically comprises a wave sequence with H s , 2 · H s , H s .
A well-known example of a Rogue Wave is given in Fig. 1 : A giant wave (H max = 25.63 m) with a crest height of ζ c = 18.5 m that hit the Draupner jacket platform on January 1st, 1995 which is known as New Year Wave (Haver and Anderson [6] ). The significant wave height was H s = 11.92 m resulting in a ratio of H max /H s = 2.15. This extraordinary wave train will be referred to within the scope of this paper. The investigation of wavestructure interactions will highlight the significance of Rogue Wave impacts.
Exceptional waves are also reported by Kjeldsen [7] from the Norwegian Frigg field with H s = 8.49 m, H max = 19.98 m, ζ c = 12.24 m, water depth d = 99.4 m, as well as from the Danish Gorm field by Sand et al. [8] with H s = 6.9 m, H max = 17.8 m, ζ c ≈ 13 m, d = 40 m. Further abnormal waves are identified in the North Cormoran field in the North Sea (Guedes Soares et al. [9] ) and in hurricane Camille (Guedes Soares et al. [10] All these wave data -with H max /H s > 2.0 and ζ c /H max > 0.6 -prove, that Rogue Waves are serious events and by no means only cock-and-bull stories of seamen. Although their probability of occurrence is very low, they are physically possible -and a ship will encounter more than 3500 waves during its lifetime. Thus, Rogue Waves should be considered in the design process even more as in the future, climate changes due to the greenhouse effect might also lead to extreme storm conditions more frequently. In the pass of Hurricane Ivan in 2004, in the Gulf of Mexico, H s values of up to 17.9 m have been recorded (Wang et al. [11] ). The category 4 Hurricane passed the wave gauges in a distance of 73 km. For the Hurricane eye's center, Wang et al. [11] estimate a maximum H s of 21 m resulting in a maximum wave height of more than 40 m. As observations of waves in such extreme conditions are rare, it still remains a challenging question which maximum wave and crest heights can develop in a certain sea state characterized by H s and T p . Indeed, huge waves are physically possible as can be demonstrated by the generation of large waves in the model basin.
ANALYSIS OF STORM DATA RECORDED AT NORTH ALWYN
To highlight the relevance of Rogue Waves, a 5 days storm (November 16th till 21st, 1997) recorded at the North Alwyn platform is analyzed. North Alwyn is located 160 km east of the Shetland Islands in the central North Sea. In Fig. 2 As noted before, it is a common procedure to determine the maximum wave height from a given maximum significant wave height at the location of interest. In most cases, the sea states are considered as a narrow banded process and wave heights are assumed to be Rayleigh distributed. Statistical analysis of many storm seas validates this premise (Jonathan et al. [12] ). Based on these assumptions, the maximum wave height within a given time interval of a sea state, characterized by H s , can be assessed:
with N the number of waves. To estimate the maximum wave height of a storm with 3 hour persistence and a mean period of 10 s this results in H max = 1.86 · H s . This value of 1.86 is often used to determine the maximum wave heights required for the design process. Faulkner [13] states, that this value of 1.86 is merely the most probable maximum and by no means the absolute maximum to be expected. approximately every three hours a Rogue Wave was recorded! Concluding, Rogue Waves with a ratio of H max /H s > 2 are rather normal. They occur more often then accounted for in many designs. Also the maximum ratio of H max /H s seems to be underestimated by predictions. All these facts highlight the importance of further detailed investigation of Rogue Wave impacts. 
GENERATION OF A ROGUE WAVE ENVIRONMENT
In order to investigate the effect of wave sequences such as given above on offshore structures, the New Year Wave is generated in a wave tank and varied with respect to its local wave period and height. To do so, the following procedure is applied.
The target position x target of the wave/structure interaction is selected. At this location, the target wave train has to be reproduced from the wave registration of the New Year Wave. This wave train is transformed upstream to the position of the wave maker which requires an adequate wave propagation model [14] .
For extremely high wave trains like the New Year Wave the associated wave propagation cannot be modeled by linear theory. The non-linear approach here is based on the fact that short and high wave groups with strong nonlinear characteristics evolve from long and low wave groups which are characterized by linear principles (Clauss et al. [15] , Hennig [16] ). As the total energy of the wave is invariant during its metamorphosis, the initial Fourier transform of a corresponding linear wave train is selected as the backbone of wave propagation . This wave information along with the adequate celerity at each time step gives the nonlinear phase characteristics of the wave train. The detailed shape of the resulting wave train is developed at each time step considering the temporary steepness of the wave. This iteration principle can be used either for backward transformation (wave generation) as well as for forward transformation (calculation of the moving reference frame wave train at cruising ships, see Clauss and Hennig [17] and Clauss et al. [15] ).
The outlined calculation method gives the wave train at the position of the wave maker. The corresponding control signals are calculated using the hydrodynamic transfer function (relating wave board motion to wave elevation) and the electric-hydraulic RAO. This control signal is used to generate the specified wave train which can be measured at the target position in the tank. 
INVESTIGATION OF BENDING MOMENTS AND MO-TIONS OF AN FPSO SHIP
Within the last 15 years, a growing trend to use ship type structures for offshore oil production can be observed. While in 1991 only 24 FPSOs (Floating Production Storage and Offloading ships) were in service, ten years later, in 2001, 72 FPSOs were on location. Actually, more than 100 units are installed in water depths up to 1400 m and many are under construction or ordered (Nutter and Albough [18] ). The advantages of FPSOs leading to this increase in numbers are the large deck area, the possibility to store huge amounts of crude (in combination with shuttle tankers saving the installation of pipelines), a large payload and the ship type structure itself with low construction costs, fast delivery times and favorable seakeeping behavior. FPSOs are often based on old tankers which are overhauled and converted, thus reducing capital investments in combination with a short construction period in comparison to a newly built design.
Nowadays, FPSOs are widely used, in particular for deep water and for harsh offshore environments. Within the next years, a growing demand is expected for FPSOs for water depths of more than 1500 m, where a pipeline export infrastructure does not exist (Gorf [19] ). The investigation in this paper focuses on a DP-FPSO (Dynamically Positioned FPSO) being a merger between a harsh weather FPSO and a dynamically positioned ultra deep water drilling ship.
For the design and dimensioning of the hull, existing shipbuilding rules and standards are applied. These rules are empirically based and are intended to be applicable for a variety of ship types. Classification rules typically consider the North Atlantic wave environment as a design premise and are based on a 20 years return period corresponding to a significant wave height in the range of 16.5 m to 18.3 m (Terpstra et al. [20] ).
The design of ships based on empirical terms is in contrast to common practice in the offshore industry where direct calculation methods are applied (MacMillan [21] ). During storms, FPSOs stay on station and weathervane, whereas ships try to avoid severe storm conditions by choosing a more favorable route. In consequence, FPSOs are exposed more often to extreme wave conditions than ships. This exposure to extreme weather conditions in combination with high topside loads and a more box shaped form of new built FPSOs may lead to structural loads that are not covered by standard design rules. Terpstra [20] found that for a new built FPSO, the rule values for the maximum still water bending moment and shear forces are exceeded by up to 95%. From the analysis of the sinking of the M. V. Derbyshire Faulkner concludes that ship bending moments from abnormal waves may substantially exceed the present IACS standards and suggest a survival approach design (Faulkner [4] ). Thus, Det Norske Veritas [22] has published a new standard for the structural design of offshore ships where for the wave induced loads, calculations based on strip theory or the usage of a three dimensional diffraction program is recommended. L = 80 m, width B = 4 m. Data acquisition and control of the wave maker is performed by one single computer system, ensuring synchronization of wave generation and measurement -thus, the repeatability of the experiment. For measuring the wave elevations, resistant type wave gauges are used. The motions of the models are registered by a dedicated video system, that is also synchronized by the computer system (Schmittner [23] ).
For the experimental investigation a wooden model of the selected FPSO design has been built at scale λ = 81 (Fig. 5) . The model is cut into three segments with intersections at L pp /4 and L pp /2 (measured from bow).
At the intersections the connecting steel elements on both sides are equipped with strain gauges for the registration of vertical bending moments (Clauss et al. [24] and Guedes Soares et al. [24] ). The seakeeping tests are performed in head seas. Using the new nonlinear wave generation approach three different scenarios are realized:
• Original New Year Wave sequence • New Year Wave with elongated local wave period • New Year Wave with increased local wave height and elongated local wave period.
The modified New Year Wave sequences are generated to investigate the corresponding impact on the FPSO. Fig. 6 (top) gives an impression of the original New Year Wave modeled in the wave basin (black line) and the two variations. The wave history is kept unchanged up to the instance when the New Year Wave occurs, thus ensuring comparability of the responses as memory effects caused by excitations of the preceding waves are identical for all three conditions. In the case with elongated local period (blue lines) an additional increase in wave height can be observed, although this was not explicitly modeled. This is due to the fact that the wave steepness is reduced and thus wave breaking occurs not as often as in the original New Year Wave sequence. From Fig. 6 it can be seen, that the largest wave (red line) gives also the largest structural responses and motions. Table 1 summarizes the registered maximum wave heights, bending moments at midship and at quarter length and the maximum wave height of the Rogue Wave H max . Tables 1 and 2 give the increase in percentage of the responses and wave characteristics comparing case (3) and (2).
As could have been expected, the largest responses follow from the highest wave. Nevertheless, the results show, that the increase in response is not proportional to the increase in wave height. As cases (2) and (3) have both the same local period, the increase in response should be proportional to the increase in wave height (+8 %), respectively to the increase in wave steepness. Surprisingly, the responses are up to 30 % larger (maximum sagging moment), i. e. a nonlinear system behavior is observed. These results are in accordance with findings of Fonseca et al. [25] who investigated numerically the responses of a container vessel due to extreme waves of different wave slopes. The results clearly point out, that the local wave pattern is extremely important for the maximum responses and therefore deterministic methods for the evaluation of seakeeping behavior are required. In this context, Clauss et al. [26] present a method, enabling the generation of Rogue Waves with predefined wave crest front steepness, using an experimental optimization approach.
To ensure the safety of ships and lives at sea, rules from classification societies provide guidance to the designers and con- structors concerning i. a. environmental conditions and subsequent loads. For a ship type structure, classification rules require the ship to withstand a minimum vertical bending moment that shall consider North Atlantic wave conditions. Since the rules are often based on experience, they are constantly adopted and improved. Nevertheless, one has to bear in mind, that rule values do not consider Rogue Waves explicitly, as ships can normally avoid severe weather by sailing on another route.
For the FPSO selected for the investigation, the maximum wave induced vertical bending moments as required by classification rules (e. g. DNV [27] or GL [28] ) are:
5.41 · 10 6 kNm for hogging −5.64 · 10 6 kNm for sagging.
A comparison of these rule values to the maximum sagging and hogging moments registered during the experiments reveals that the existing rules are covering the extreme wave impact of the New Year Wave itself. It should be noted however, that the observed significant wave height is not the highest value to be considered for the design of an FPSO. The modified New Year Wave sequence with elongated period and increased wave height imposes slightly larger loads on the FPSO than predicted by the rules. An evidence that rule requirements may not be sufficient in either case can also be found in Schmittner [23] , where several offshore structures in extreme wave conditions are investigated.
DISCUSSION AND SUMMARY
In this paper we have generated the New Year Wave in the wave tank and investigated resultant structure responses. With the wave generation methods applied variations of the New Year Wave with respect to wave length and wave height can by realized.
As a consequence of our investigation, Rogue Waves should be considered for the design of offshore structures since they can impose extreme loads and motions to the structure. This can be achieved, if maximum responses are determined by time-domain simulation tools or by model tests in deterministic wave groups. If the design is based on frequency-domain methods, one should bear in mind, that local Rogue Waves occurrences are not covered. Thus, a vessel designed according to frequency domainmethods or according to classification rules should avoid encountering a Rogue Wave. Instead of the relation s max = 1.86 · s sig larger ratios could be considered for design, although structures will become more expensive. Nevertheless, it might be cheaper to design FPSOs and other floating structures with risers and moorings that are easily detachable, thus they can leave the location if an extreme storm is forecasted and thus avoid to be hit by a Rogue Wave.
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